Laminins are structural components of basement membranes. In addition, they are key extracellular-matrix regulators of cell adhesion, migration, differentiation and proliferation. This Commentary focuses on a relatively understudied aspect of laminin biology: how is laminin deposited into the extracellular matrix? This topic has fascinated researchers for some time, particularly considering the diversity of patterns of laminin that can be visualized in the matrix of cultured cells. We discuss current ideas of how laminin matrices are assembled, the role of matrix receptors in this process and how laminin-associated proteins modulate matrix deposition. We speculate on the role of signaling pathways that are involved in laminin-matrix deposition and on how laminin patterns might play an important role in specifying cell behaviors, especially directed migration. We conclude with a description of new developments in the way that laminin deposition is being studied, including the use of tagged laminin subunits that should allow the visualization of laminin-matrix deposition and assembly by living cells.
Introduction
The laminins are heterotrimeric proteins of the extracellular matrix that are composed of a-, b-and g-subunits. Currently, in mouse and human, genes encoding five a-, three b-and three g-subunits have been identified (Fig. 1A) . When known splice variants are included, these subunits assemble into at least 16 different laminin heterotrimers (Aumailley et al., 2005) (Table 1) . Laminin heterotrimers are relatively large proteins (with molecular masses ranging from 400 to 900 kDa) and exist as cross-shaped molecules with two or three short arms and one long arm ( Fig. 1) (Aumailley et al., 2005; Tunggal et al., 2000; Tzu and Marinkovich, 2008; . The 16 known members of the laminin family exhibit some tissue specificity and their expression is often developmentally regulated (Aumailley et al., 2005; Tunggal et al., 2000; Tzu and Marinkovich, 2008; .
In keeping with the current trend of rationalizing protein nomenclature, the laminin family of proteins has recently been reclassified in a more intuitive manner (Aumailley et al., 2005) . In the old system, a1b1g1 was known as laminin-1, whereas a3b3g2 was named laminin-5. In the new naming system, laminin trimers are known purely by their subunit composition (either including or omitting the Greek letters) such that laminin-1 is now known as laminin-111 and laminin-5 is laminin-332 (Table 1) (Aumailley et al., 2005) .
Laminin trimers are assembled intracellularly. Initially, disulfidelinked dimers of the b-and g-subunits form ; for this process, a ten-amino-acid region located toward the C-terminus of the laminin coiled-coil domain of the g-subunit appears to be crucial (Nomizu et al., 1996; Utani et al., 1994) . The bg-dimer is retained in the cytoplasm and requires a-subunit incorporation, and therefore trimerization, to drive secretion. In addition, the a-subunit can be secreted independently as a monomer .
In both developing and intact tissues, laminins are incorporated into basement membranes, which separate parenchymal cells from the connective tissue. Laminins play important roles in tissue morphogenesis and homeostasis by regulating tissue architecture, cell adhesion, migration and matrix-mediated signaling. For instance, mutations in the subunits of laminin-332 in humans cause a blistering disease owing to compromised adhesion of keratinocytes to the laminin-332-deficient basement membrane of the skin (McGowan and Marinkovich, 2000; Miner and Yurchenco, 2004) . In mice, knockout of the a5 laminin subunit induces a variety of developmental defects, including syndactyly and aberrant lung septation, whereas mice that lack the b2 laminin subunit suffer kidney failure owing to defective glomerular filtration (Miner and Yurchenco, 2004) . Examples of laminin-mediated signaling come from some of our studies, in which we have demonstrated that laminin-332 and laminin-311 activate extracellular signal-regulated kinases (ERKs) through modulation of the function of either integrin or dystroglycan receptors in epithelial cells (Gonzales et al., 1999; Jones et al., 2005) .
Analyses of 2D and 3D cell cultures, mouse models and human disease emphasize the functional duality of laminins as key regulators of tissue structure and cell behavior (Aumailley et al., 2005; Tunggal et al., 2000; Tzu and Marinkovich, 2008; . By contrast, we know much less about the mechanisms by which laminins are deposited and organized into the extracellular matrix. Yet, as we will detail, laminins are deposited in diverse, exquisite arrays in the matrices of disparate cultured cells, probably reflecting differences in laminin-matrix functions. In this Commentary, our focus is the complexity of laminin-rich matrices, and we use this opportunity to speculate on the mechanisms that determine how laminin molecules are deposited by cells, particularly the role of cell-surface receptors and laminin-binding proteins in regulating such deposition. The molecular structure of laminins, which has been described in a number of recent excellent reviews, will be discussed only briefly (Aumailley et al., 2005; Tunggal et al., 2000; Tzu and Marinkovich, 2008; 
Laminin structure and domain architecture
There is a large a globular domain (termed LN) at the N-terminus of the a1, a2, a3B, a5, b1, b2, g1 and g3 laminin subunits, whereas this domain is absent from the N-terminus of the a3A, a4 and g2 laminin subunits (Fig. 1A) . For this reason, the former subunits have been termed 'full length' whereas some authors have called the latter 'truncated' ; here, we will term them 'headless' to avoid confusion with proteolytically processed forms.
All laminin subunits contain tandem repeats of laminin-type epidermal growth factor-like (LE) domains (Fig. 1A) . Globular domains are interspersed among the LE domains: two (L4a and L4b) in the full-length a-subunits, one domain (LF) in the b1 and b2 subunits, and one (L4) in the g-subunits (Fig. 1A) . In each subunit, the final LE repeats are followed by an a-helical domain. The a-helical domains of the three subunits wind around each other to produce a trimeric, coiled-coil structure (Beck et al., 1990) . In all three b-subunits, this domain is interrupted by a short stretch of amino acids termed the b-knob (Beck et al., 1990) . The coiled-coil domain is probably important for orienting the large globular domain at the C-terminus of the a-subunit, facilitating its accessibility for cell binding via integrins and other cell-surface receptors, including the syndecans and dystroglycan, as well as binding to other matrix proteins (Fig. 1B) . For example, Kunneken and colleagues have demonstrated that the coiled-coil domain and heterotrimerization are required for the interaction of a3b1 integrin with laminin-332 (Kunneken et al., 2004) .
The coiled-coil of the a laminin subunits is followed by a globular C-terminus that can be divided into five LG domains (LG1-LG5) with LG1-3 and LG4-5 forming functionally and structurally distinct subdomains (Fig. 1) . A hypothetical model constructed by Tisi and colleagues predicts that the LG1-3 domain has a cloverleaf shape, with the coiled-coil rod domain of the trimer contacting this region . The relatively long linker between the LG3 and LG4 domains acts to stabilize LG4-LG5, forces the LG5 domain closer to the LG1-LG3 cloverleaf, and enables the LG4-LG5 domain to adopt a range of conformations Tisi et al., 2000) . Intriguingly, the LG4-LG5 domain of both the a3 and a4 subunits can be removed by proteolytic cleavage following secretion of the laminin molecule (Amano et al., 2000; Goldfinger et al., 1998; Matsui et al., 1995; Talts et al., 2000) . Loss of the LG4-LG5 domain impacts the function of the laminin heterotrimer, at least in the case of laminin-332, in which processing has been reported to modify the molecule from one that promotes migration to one that supports stable adhesion Tran et al., 2008) . Moreover, it is possible that the cleaved LG4-LG5 fragment, under circumstances in which it is retained in tissue, stimulates migration independently of the mature laminin-332 molecule (Tran et al., 2008) .
Deposition of laminin heterotrimers: the importance of patterning Despite their relatively uniform structure, laminin heterotrimers are deposited into diverse arrays or patterns in the extracellular matrix of cultured cells. We speculate that these laminin-deposition patterns reflect differences in laminin-matrix functions and/or that they represent different stages in matrix formation. There are correlative data from a number of cell types in culture to support both speculations. For example, laminin-211 and laminin-221 are deposited as a mesh on the surface of Schwann cells and organize cell-surface receptors and cytoskeletal components (Tsiper and Yurchenco, 2002) . By contrast, laminin-311 in the matrix of lung alveolar epithelial cells is organized into fibrils Jones et al., 2005; Tsiper and Yurchenco, 2002) (Fig. 2B) . A fibrillar laminin matrix is ideally suited to transmit mechanosignals in the form of stretch, and there is evidence that this occurs in lung cells . In the extracellular matrix of endothelial cells, the a4 laminin subunit localizes to avb3-integrin-rich focal adhesions (Fig. 2C,D) (Gonzales et al., 2001) . In this case, laminin heterotrimers appear to be involved in the assembly of focalcontact-like structures, thereby mediating cell-matrix adhesion and potentially signaling from the matrix to the cytoplasm and viceversa (Gonzales et al., 2001) . In embryonic stem (ES) cells, laminin-111 appears as dot-like arrays, strings and plaques that might correspond to different stages in the process of laminin-matrix formation (Henry et al., 2001) . Laminin-511 is deposited in punctate or linear arrays in the matrix of choriocarcinoma cells (Church and Aplin, 1998) .
Keratinocytes provide an interesting example of how laminindeposition patterns might affect matrix function. In non-migratory human keratinocytes, we have demonstrated that laminin-332 appears in a rosette-like pattern, whereas actively migrating keratinocytes in culture assemble trails of laminin-332 over which they move in a back-and-forth pattern, as if following a railroad track ( Fig. 2A and Fig. 3 ) (Sehgal et al., 2006) . The distinct ways in which laminin-332 is deposited into the matrix of keratinocytes might simply be a secondary consequence of whether a cell is stationary or migratory. Alternatively, differences in laminin-matrix deposition by keratinocytes might be an important regulator of cell migratory behavior. There is some support for the latter possibility.
For example, we showed that b4-integrin-deficient skin cells migrate in an aberrant circular pattern in vitro (Sehgal et al., 2006) . However, the same cells display the motility behavior of their normal counterparts (that is, they exhibit processive migration) when plated onto laminin-332-rich matrix deposited by wild-type cells (Sehgal et al., 2006) .
Although the pattern of laminin-matrix deposition in diverse cultured cells is quite varied, it remains to be determined whether laminins in intact basement membranes in different tissues exhibit distinct patterns of deposition. Morphological studies of basement membranes and studies of laminin-subunit expression in tissues generally involve conventional electron microscopy and light microscopical immunolocalization of laminin antibodies in sectioned material, respectively. These techniques provide a 'yesor-no' answer as to the overall gross integrity of the basement membrane, including whether it has undergone duplication or focal loss, and provide a readout of its laminin-subunit composition. However, they do not permit high-resolution evaluation of the specific patterns in which laminin heterotrimers are incorporated into the matrix. This might explain why there are no reports of defects in laminin-332 deposition in the basement membrane of the skin of individuals whose keratinocytes lack b4 integrin, despite evidence that laminin-332 is deposited aberrantly in the matrix of keratinocytes derived from such patients in vitro (Sehgal et al., 2006; Vidal et al., 1995) . Of course, as we have already mentioned, aberrant deposition might be a secondary consequence of altered migratory properties of the cells and might not be manifest in tissues in vivo. Immunoelectron microscopical analyses of laminin localization in tissue and/or the development of new high-resolution methods are required to resolve these apparent conflicts.
Self-and co-polymerization of laminins
The precise mechanisms by which cells deposit their laminin matrices are not yet fully understood. However, certain laminins self-and co-polymerize in the matrix. Self-polymerization involves the self-assembly of one specific laminin heterotrimer, by means of the short arms of its three chains, to produce a scaffold composed of that laminin isoform. By contrast, co-polymerization requires the interaction of the short arms of different laminin isoforms, generating a network that is composed of more than one type of laminin. Self-and co-polymerization of laminin heterotrimers is central to the assembly of most, if not all, complete basement membranes, and is mediated by the interaction of LN domains on the short arms of each trimer. However, such self-and/or co-polymerization is restricted to laminins containing 'full-length' subunits (i.e. a1, a2, a3B or a5 and b1 or b2 and g1 or g3) and occurs while the laminin molecule is bound to receptors on the cell surface, such as integrins and dystroglycan (Cohen et al., 1997; Colognato and Yurchenco, 1999) . Assembly can be divided into a temperature-dependent oligomerization step and a calciumdependent polymerization step, in which calcium ions are required to induce a conformational change in the LN domains that allows them to interact (Schittny and Yurchenco, 1990) .
In polymerization assays in vitro using full-length laminin isoforms or fragments, Cheng and coworkers demonstrated that laminin-111 is able to drive its polymerization with any other laminin, provided the latter is composed of full-length subunits (Cheng et al., 1997) . Indeed, they have proposed the 'three-arm-assembly hypothesis' in which only those heterotrimers composed of three full-length subunits are capable of self-and co-polymerization (Cheng et al., 1997) . Thus, according to this hypothesis, the headless a3A-and a4-subunit-containing laminins would be incapable of self-polymerization or co-polymerization with other laminins. For example, in congenital muscular dystrophy caused by loss of a2 laminin expression, overexpression of the a4 laminin subunit is unable to compensate for this loss, which might in part be due to the inability of a4-containing heterotrimers to selfpolymerize (Patton et al., 1997) . Recent studies by McKee and coworkers have shown that the addition of a polypeptide containing the short arm of a1 laminin allows a polymerization-incompetent a1 laminin subunit that lacks the LN domain to polymerize with its b1 and g1 partners (McKee et al., 2009; McKee et al., 2007) . By contrast, Odenthal and coworkers used recombinant laminin fragments composed of the LN domain and one or more LE modules to assay the ability of these fragments to homo-or heterodimerize . Their results indicate that the b3 LN domain is able to bind the g1 and g3 LN domains, suggesting that even those laminin heteotrimers that contain a minimum of one LN domain might possess the ability to self-or co-polymerize . If this is the case, then this raises the possibility that complexes of laminin-332 with laminin-311 or of laminin-411 with laminin-511 exist. There is some support for this, as a complex of laminins 332, 311 and 321 has been isolated from the basement membrane of human amnion (Champliaud et al., 1996) . However, whether the laminins in this complex exist as a co-polymer or whether they simply piggyback on other non-laminin molecules in the basement membrane remains to be determined.
Regulation of laminin deposition in the matrix by cell-surface receptors
Following their secretion as intact heterotrimers, laminins are deposited into the extracellular matrix. As described above, some laminin molecules are subsequently proteolytically processed (see Goldfinger et al., 1998; Marinkovich et al., 1992; Matsui et al., 1995; Talts et al., 2000) and, in processed laminins such as laminin-332, this processing event might modulate binding of the laminin to cell-surface receptors . Regardless of processing, however, emerging data indicate that deposition and/or formation of laminin matrices is regulated by cell-surface receptors, including integrins, dystroglycan and syndecans, and that other matrix components stabilize laminin incorporation into the extracellular matrix.
Regulation of laminin deposition by integrins
We and other authors have speculated that integrins regulate the deposition of laminins by signaling to Rho GTPases, which are known to be key regulators of cell adhesion, spreading and migration, primarily through their effects on the actin cytoskeleton (Ridley, 2001a; Ridley, 2001b; deHart and Jones, 2004; Hamelers et al., 2005; O'Brien et al., 2001; Sehgal et al., 2006) . Data from our own laboratory indicate that a3b1 integrin modulates deposition of laminin-332 matrix in vitro (deHart et al., 2003; deHart and Jones, 2004; Sehgal et al., 2006) . In particular, we have presented evidence that laminin-332 is deposited in spikes and arrowheads by a3-integrin-null keratinocytes (most probably reflective of their migratory behavior), whereas their normal counterparts deposit laminin-332 in diffuse 'arcs ' (deHart et al., 2003) . Moreover, some workers have reported that deposition of laminin-332 requires signaling from a3b1 integrin to the guanine-nucleotide exchange factor Tiam1, an activator of Rho-like GTPases (Hamelers et al., 2005) . However, this remains controversial because Margadant and coworkers have recently reported that deposition of laminin-332 is normal in the healing wounds of the skin of mice in which there is an epidermis-targeted deletion of a3 integrin (Margadant et al., 2009) . The ability of such cells to deposit an apparently normal laminin matrix might be the result of an upregulation of a6b1 integrin expression (Margadant et al., 2009) .
There is evidence that a second integrin heterodimer, a6b4, also has a role in laminin-332 deposition and/or matrix formation in keratinocytes (Sehgal et al., 2006) . As mentioned above, migrating keratinocytes assemble trails of laminin-332 (Fig. 3A) (Frank and Carter, 2004; Sehgal et al., 2006) . By contrast, we have demonstrated that b4-integrin-deficient keratinocytes deposit circular arrays of laminin-332 and move in a circular fashion over this matrix (Sehgal et al., 2006) . The loss of b4 integrin in these cells correlates with low Rac1 activity . This is consistent with published data indicating that a6b4 integrin not only co-precipitates with Rac1 from extracts of keratinocytes, but might also regulate Rac1 activation (Mainiero et al., 1997; Sehgal et al., 2006; Zahir et al., 2003) . One consequence of the decrease in Rac1 activity is a loss of front-to-back cell polarity (Raftopoulou and Hall, 2004) . Hence, the difference in the pattern of laminin-332 deposition between wild-type and b4-integrin-deficient cells might be the consequence of the non-polarized cell phenotype exhibited by b4-integrin-deficient cells. However, as detailed above, work in our laboratory has demonstrated that b4-integrin-deficient cells migrate in a similar manner to wild-type cells if plated onto the laminin-332-rich matrix of normal keratinocytes (Sehgal et al., 2006) . This raises the intriguing possibility that b4 integrin, through regulating Rac1 activity, might specify the precise way in which Journal of Cell Science 122 (24) (Sehgal et al., 2006) . Clearly this is a classic 'chicken-and-egg' conundrum -does b4 integrin determine cell polarity and thereby indirectly regulate matrix deposition, or does b4 integrin directly regulate matrix deposition, which in turn specifies polarity? There is not yet a definitive answer to this question. Moreover, if b4 integrin regulates laminin deposition through its interaction with and activation of Rac1, how does it do so? It has already been established that decreased Rac1 activity has effects on the actin cytoskeleton (Raftopoulou and Hall, 2004; Ridley, 2001a; Ridley, 2001b) . In keratinocytes, loss of Rac1 activity leads to reduced activation of the Slingshot phosphatases and their substrate, the actin-severing protein cofilin (Kligys et al., 2007) . These observations suggest to us the possibility that the dynamic activity of integrins in keratinocytes, in response to actin reorganization regulated by Rac1 and cofilin signaling, modulates the conformation and/or organization of freshly secreted laminin-332 heterotrimers such that deposits of laminin-332 are 'converted' into trails (Sehgal et al., 2006) . This is clearly a highly speculative model. However, this mechanism has a precedent. In the final stage of formation of fibronectin fibrils, integrins are moved by actin stress fibers and induce conformational changes in their fibronectin ligand (Leiss et al., 2008; Wierzbicka-Patynowski and Schwarzbauer, 2003) . Receptor-mediated 'stretching' of the fibronectin molecule exposes sites that are involved in fibronectin-fibronectin self-association, leading to the formation of fibrils (Leiss et al., 2008) . Of course, whether integrins actually mediate conformational changes in laminin molecules as we are hypothesizing requires experimental verification.
Dystroglycan and laminin matrix formation
The role of the transmembrane protein dystroglycan in lamininmatrix formation is somewhat controversial. One group has presented evidence that laminin-111 subunits are localized normally in the subendodermal basement membranes of dystroglycan-null mouse embryoid bodies (Li et al., 2002) . By contrast, others have reported that binding of the extracellular a-dystroglycan subunit to laminin is a crucial step in the formation of laminin-111-rich matrices of ES cells, in deposition of laminin-211 on the surface of myotubes and Schwann cells, and in polymerization of laminin-111 and matrix formation in breast epithelial cells (Cohen et al., 1997; Colognato and Yurchenco, 1999; Henry and Campbell, 1998; Henry et al., 2001; Montanaro et al., 1999; Tsiper and Yurchenco, 2002; Weir et al., 2006) . In mouse, there is evidence for the importance of dystroglycan in laminin-matrix deposition, because embryos null for dystroglycan die in the early stages of development, possibly as a result of abnormal formation of a primitive basement membrane termed Reichert's membrane (Williamson et al., 1997) .
Molecular genetic analyses in breast epithelial cells have demonstrated that the extracellular domain of dystroglycan can mediate laminin deposition, even when most of the cytoplasmic region has been deleted, implying that the role of dystroglycan is primarily structural in this cell type (Weir et al., 2006) . Dystroglycan might also function as a regulator of laminin deposition in myoblasts because decreased expression of a-dystroglycan correlates with decreased laminin-211 deposition on the surface of myotubes (Montanaro et al., 1999) . In addition, there is evidence that dystroglycan cooperates with integrin receptors in mediating laminin deposition (Colognato and Yurchenco, 1999; Henry and Campbell, 1998; Henry et al., 2001; Lohikangas et al., 2001) . For example, Weir and coworkers have suggested that, initially, dystroglycan interacts with the LG domains of monomeric laminin-111 and that the resulting receptor-ligand complex recruits b1-subunit-containing integrins, which then induce laminin polymerization (Weir et al., 2006) .
Other cell-surface receptors
In addition to integrins and dystroglycan, members of the syndecan family of cell-surface receptors also modulate laminin-matrix deposition. Chinese hamster ovary (CHO) cells that lack syndecan-2 expression lose the ability to rearrange laminin into fibers (Klass et al., 2000) . Moreover, syndecan-1 appears to contribute to the regulation of laminin-332 deposition, because laminin-332 appears in arrowhead-like arrays in the matrix of syndecan-1-null keratinocytes, whereas laminin-332 is deposited as cloud-like trails in the matrix of wild-type cells (Stepp et al., 2007) .
In summary, it is clear that cell-surface receptors play an important role in regulating laminin-matrix deposition. However, non-receptor molecules also modulate laminin-matrix assembly and functions, as we will discuss next.
Laminin-interacting proteins stabilize the basement membrane and might modulate laminin deposition or matrix assembly
Following their secretion and deposition, laminins interact with several matrix proteins, and this might affect laminin deposition. Here, we focus our discussion on those molecules that have been shown to influence laminin-matrix deposition and/or stabilization. These include nidogen (also known as entactin), the heparan sulfate proteoglycans perlecan and agrin, the netrins and collagen VII.
Nidogens
Members of the nidogen family of sulfated glycoproteins, which consists of nidogen 1 and nidogen 2, are capable of interacting with a variety of extracellular-matrix proteins including laminin, perlecan, collagen IV and fibulin (Kohfeldt et al., 1998; Mann et al., 1989) . For this reason, one of their primary functions is to stabilize the extracellular matrix. Nidogen 1 has been shown to interact with an LE module in the laminin g1 subunit (Fig. 1B) , as well as with type IV collagen. Blocking laminin-nidogen interaction leads to disruption of early lung, kidney and salivary gland development in organ culture (Ekbloom et al., 1994; Kadoya et al., 1997; Mayer et al., 1993; Poschl et al., 1994; Takagi et al., 2003) and defects in matrix assembly in F9-teratocarcinoma-derived embryoid bodies (Tunggal et al., 2003) . By contrast, the presence of a recombinant laminin g1 fragment containing LE and L4 domains in 3D co-cultures of keratinocytes and fibroblasts results in the disruption of basement-membrane formation, alterations in expression patterns of matrix components, and loss of recognizable hemidesmosomes (Breitkreutz et al., 2004) .
Mice that lack expression of either nidogen 1 or nidogen 2 have normal life spans and are relatively healthy and fertile (Murshed et al., 2000; Schymeinsky et al., 2002) . Functional basement membranes are also deposited during early embryogenesis in nidogen 1 and 2 double-knockout mice, suggesting that other matrix components compensate for the lack of both nidogens, or that there is direct binding of laminin to type IV collagen that can bypass nidogens (Bader et al., 2005) . However, these nidogen doubleknockout mice, which either die before birth or within 24 hours of birth, display abnormalities in the basement membranes of several tissues (Bader et al., 2005) . For example, capillary basement membranes are disorganized, with a loss of expression of laminin-411 (Mokkapati et al., 2008) . These defects probably reflect both a loss of extracellular-matrix structure or stability and alterations in matrix-mediated signaling (Bose et al., 2006) .
Heparan sulfate proteoglycans
One of the major heparan sulfate proteoglycans of the extracellular matrixis is perlecan. Perlecan contains five distinct domains, including one region that is comprised of Ig-like repeats that are sites of interaction with several matrix molecules including the nidogens, fibronectin, heparin, dystroglycan and collagen IV (Costell et al., 1999; Noonan et al., 1991) . Laminin-111, through its interactions with nidogen 1, can also form ternary complexes with perlecan (Hopf et al., 1999) . Despite these many interactions, perlecan has been shown not to be essential for matrix assembly in either perlecan-null mouse embryos or in a perlecan-deficient keratinocyte skin-equivalent model. However, perlecan is crucial for maintaining the integrity of the basement membrane, especially in tissues such as the heart that are subject to mechanical stress (Costell et al., 1999; Sher et al., 2006) . Moreover, on the basis of the temporal appearance of perlecan during deposition of laminin-311 matrix, we have proposed that perlecan might nucleate the formation of fibrillar forms of laminin .
Agrin, a second heparan sulfate proteoglycan, binds to laminins 111, 211 and 221 and is believed to play an important role in the formation of the neuromuscular junction (Denzer et al., 1995; Denzer et al., 1998; Moll et al., 2001; Ruegg and Bixby, 1998) . Agrin is expressed as one of two isoforms. The long-N-terminal isoform contains a domain that interacts with the coiled-coil central region of laminins, and is distributed across most tissues (Mascarenhas et al., 1993; Stetefeld et al., 2001) (Fig. 1B) . By contrast, the short-N-terminal isoform is found primarily in the nervous system (Burgess et al., 2000; Denzer et al., 1995) . The C-terminal laminin globular domain region of agrin contains sites of interaction with dystroglycan and is required for heparan binding (Bezakova and Ruegg, 2003; Gesemann et al., 1998) . On the basis of its intermolecular interactions, one might assume that agrin has a role in laminin-matrix formation and/or basement-membrane assembly. However, further evaluation will be required to determine whether this is the case.
Netrins
The netrins share homology with the laminins, as they also contain LN and LE domains (Yurchenco and Wadsworth, 2004) . They were originally identified as molecules involved in neuronal guidance (Yurchenco and Wadsworth, 2004) . Recent data suggest that the netrins might also regulate the functions of the laminins with which they interact (Schneiders et al., 2007; Yurchenco and Wadsworth, 2004) . One netrin family member (netrin-4) interacts with the short arms of both the laminin g1 and g3 subunits through its LN domain. (Schneiders et al., 2007) (Fig. 1B) . This is thought to promote laminin-111 polymerization, such that expression of a truncated form of netrin-4 inhibits laminin-111 self-assembly in vitro (Schneiders et al., 2007) . Therefore, netrin-4 probably plays a role in the formation of basement membrane. In addition, a complex of netrin-4, laminin g1 subunit and a6b1 integrin has also been identified in mouse neural stem cells (Staquicini, 2009 ). This complex has been shown to promote stem-cell proliferation and migration, both processes that are influenced by the laminin matrix.
Laminin N-terminus proteins
Recently, we have identified a novel family of alternative splice isoforms derived from the 5Ј end of the LAMA3 and LAMA5 genes (Hamill et al., 2009 ). These transcripts encode short proteins consisting of a LN domain followed by a short stretch of LE repeats. They are distinct from other laminin proteins in that they lack the LCC domain and cannot assemble as a heterotrimer. For this reason, we termed these laminin N-terminus (LaNt) proteins. Functional studies of one of these novel proteins (LaNt a31) suggest that it plays a role in keratinocyte adhesion, spreading and migration, although the precise mechanisms by which it acts have yet to be defined (Hamill et al., 2009 ). However, because of their domain composition and structural similarity to the netrins, we speculate that the LaNts are involved in regulating laminin-network formation through competition or enhancement of LN-LN domain interactions.
Collagen VII
Collagen VII, a component of the anchoring fibrils of the skin, interacts with the b3 subunit of laminin-332 (Chen et al., 1999; Rousselle et al., 1997) . Keratinocytes that lack collagen VII do deposit laminin-332 into the basement membrane of skin grafts, indicating that collagen VII is not necessary for deposition of laminin-332 matrix (Chen et al., 2002) . However, evidence from corneal tissue reconstitution studies indicates that collagen-VIIcontaining anchoring fibrils might nucleate assembly of hemidesmosomes at specific discrete sites along the basement membrane (Gipson et al., 1983; Jones et al., 1998) . If collagen VII does nucleate hemidesmosomes, this suggests the intriguing possibility that collagen VII functions to target deposition of, or locally organize, laminin-332. This is highly speculative. However, there is some indirect support for this possibility. Immunoelectron microscopy reveals that there is a discontinuous distribution of laminin-332 along the basement membrane of stratified squamous epithelia, with laminin-332 being localized immediately beneath the plaques of hemidesmosomes (Jones et al., 1994) .
In summary, laminin-associated matrix proteins in concert with cell-surface receptors are key to proper assembly and/or deposition of laminin matrices. They function to fine-tune both matrix formation and its function.
Conclusions and future directions
Our Commentary has focused primarily on the molecules involved in the deposition and organization of laminin proteins in the extracellular matrix surrounding cells. Although at least some laminins self-polymerize, the assembly of complex laminin-rich matrices requires the coordinate activity of cell-surface receptors and of laminin-associated and laminin-related proteins. Future studies will presumably dissect the precise molecular mechanisms underlying the manner in which laminins are patterned and assess whether such patterning has important functional consequences. To conclude, we will discuss some directions in which future studies might go.
As mentioned above, laminin-matrix formation might involve changes in the conformation of laminin heterotrimers. The development of conformation-dependent monoclonal antibodies against laminins might allow testing of such a possibility, as conformation-dependent antibodies have proved invaluable in dissecting structural and functional modifications in a variety of proteins, including the tau protein and aIIbb3 integrin (Dabadie et al., 2001; Wolozin et al., 1986 ).
Several studies have demonstrated that processing of some laminin subunits not only influences the behavior of cells, but might also play a role in matrix deposition and/or stabilization. For example, the a3, a4, b3 and g2 laminin subunits have all been shown to undergo proteolytic cleavage, in vitro and in vivo (Giannelli et al., 1997; Talts et al., 2000; Tsubota et al., 2000; Udayakumar et al., 2003) . With regard to the a3 and g2 laminin subunits, there is experimental evidence that only their unprocessed versions are properly incorporated into laminin-332 matrix (Gagnoux-Palacios et al., 2001; Sigle et al., 2004) . One assumes that the domains that are released following cleavage 'encode' important matrix-assembly information. Uncovering the particular way in which these domains function might provide valuable new insight into the assembly of higher-order laminin structures.
A relatively newly discovered role for laminin and laminin-rich matrices is their capacity to act as inducers of either the growth or differentiation of both adult and ES cells. For example, laminin and laminin-rich Matrigel support human embryonic-cell differentiation into neural progenitors and neurons (Ma et al., 2008) . In addition, the growth and chondrogenic differentiation of mesenchymal stem cells is enhanced by laminin-332 (Hashimoto et al., 2006) . Defining precisely how laminin matrices are able to induce signaling that regulates proliferation, differentiation, adhesion and migration of both adult and embryonic cells will continue to be an exciting avenue of investigation.
We have recently described a new approach for analyzing formation of the laminin matrix. This involves visualizing the deposition of fluorescently tagged laminin subunits onto the substrate of live cells (Fig. 3A,B) (Hopkinson et al., 2008; Sehgal et al., 2006) . Using these tagged molecules, one can observe the deposition of nascent laminin subunits together with their receptor molecules in real time. This should allow characterization of the precise steps that lead to laminin-matrix deposition and formation by cells in vitro and might also indicate how particular receptors function in this complex process. Indeed, this approach to the study of laminin-matrix formation is already providing new insights. For example, we have used live-cell imaging of tagged laminin subunits to demonstrate that truncated versions of the a3 laminin subunit are incorporated into the matrix of epithelial cells, at least in cells that also express wild-type laminin-332 subunits (Hopkinson et al., 2008) . In addition, we have shown that matrix deposition is regulated by a feedback loop when cells are plated on, or move onto, an already assembled lawn of matrix proteins (Hopkinson et al., 2008) . Imaging laminin-matrix formation in live cells is a perfect complement to the many biochemical and molecular approaches to the study of matrix formation and protein interactions that have been applied over the last 20 years.
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